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ABSTRACT
The visible A 2Tlu absorption spectrum o f N 2+ was observed by
using a coaxial ion beam laser beam technique for the first time. The resonances 
are detected by allowing the ion beam to collide with buffer gas and detecting 
the surviving ion beam current. Because the collisional cross-section depends on 
the internal state of the ion, the surviving ion beam current changes when the 
laser frequency is resonant with the ions. This technique can detect a fractional 
change in collisional cross section o f only 0.03% from one quantum state to
—7another. The fractional noise in ion current A I / I  is a few parts in 10 (3 second
average time) is consistent with the shot noise limit. The frequency resolution
-7A v/v  in this experiment is 2 x 10 . Compared to the commonly used technique 
o f absorption spectroscopy in a discharge, the Doppler width in this experiment
is reduced by a factor of 10 - 20. A number of previously unresolved lower rota-
2 ^  +
tional doublet lines in the A TIm <r-X"Lg (4, 0) band are fully resolved and the 
energy splittings are measured for the first time in this experiment. The spin- 
rotation coupling constant of N2+ in the X* I*  (v = 0) state is obtained by the 
direct measurement of the fully resolved doublets whose splitting is caused by 
the interaction between the electron spin with the molecular rotation. The tech­
nique demonstrated here is applicable to a wide variety o f molecular ions.
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CHAPTER I 
Introduction
The study of molecular ions is very important in science and industry 
because of their important roles in the upper atmosphere, the earth aurora, 
plasma processing, electron and proton transfer inside biological systems, the 
formation of stars, and the chemistry and physics of planetary atmospheres. Ions 
are abundant in plasma environments such as the combustion process, the elec­
trical discharge, the nuclear-fusion plasmas, etc..
Ions are important because they are very reactive and often serve as cata­
lysts in many reaction processes. While a significant amount energy is required 
for reactions among neutrals to occur because of the potential barrier between 
them, there is no potential barrier between a neutral and an ion. Thus ions are 
very reactive, and often a few ions play a far more important role in the reaction 
than millions of neutrals.
In the upper atmosphere above 60 km the ions and electrons are abundant 
because of photo-ionization o f neutrals by the ultraviolet component of sunlight. 
The region above 60 km is the ionosphere and this region affects the reflection, 
absorption, and propagation of radio-frequency electromagnetic waves. Forma­
tion of negative ions is a key sink of free electron, and the free electrons deter­
mine the conductivity of the atmosphere. Thus the study of charged particles is 
very important because it affects the communication by radio-wave.
The aurora is the colored light which can be seen at night in the regions 
near the geographic poles. The aurora has been a subject of scientific study for 
centuries, and some knowledge of the atmosphere at heights around 100 km can 
be obtained by studying the aurora. The atmospheric gas molecules, mostly 
nitrogen and oxygen, are ionized and excited by the bombardment o f charged 
particles. The bombarding particles are the electrons and protons projected from 
the Sun and are deflected as they approach the Earth because of the magnetic 
field from the Earth. The changes in the observed intensity of auroral light corre­
spond to the changes in the ionizing stream originating from the Sun, thus there 
is a connection between solar activity and auroral phenomena [1].
The ions often play crucial role in various biological systems because the 
very reactive nature o f ions. For example, the pH value of blood inside human 
body is determined by the amount o f H30 +, and the propagation of nerve 
impulses depends on ions.
Shortly after the Universe was bom, it mainly consisted of photons, elec­
trons, protons, and a-particles. As the Universe expanded and the plasma 
cooled, first He+, then neutral He, then neutral H condensed out [2], The HeH+ 
was formed from He and H* by radiative association and inverse rotational pre­
dissociation [3]. When H appeared, H2+ was formed by radiative association of 
H and H+. When H2+ appeared, HeH+ was produced by the reaction with He, 
and H2 was produced by the reaction with H [4]. Thus, the ions played a cmcial
role in the evolution of the early Universe.
It was long believed there were no molecules in the interstellar medium 
because of the photons and cosmic rays will break the molecules into atoms. But 
the rotational spectrum of molecules were later discovered from molecular 
clouds. Because the outer parts o f the molecular cloud absorb star light, the inner 
parts of the cloud are shielded and molecules can be formed. The neutrals react 
with ions and form new ions and neutrals. The molecular ions play crucial roles 
in the evolution of molecular cloud, and the molecular cloud is the birth place of 
stars.
With the development of laser and computer technology, molecular ion 
spectroscopy becomes more and more important in the investigation of the struc­
ture and properties of charged molecules.
Due to the high chemical reactivity of charged molecules and the mutual 
repulsion of like charges, the main difficulty in molecular ion spectroscopy is 
obtaining sufficient concentrations of ions to produce a detectable interaction 
with electromagnetic radiation. Because of this difficulty, the molecular ion 
spectroscopic information previously available was limited to optical emission 
spectra of a variety of diatomic and a few polyatomic ions [5], In the mid-1970s, 
two independent experimental breakthroughs occurred, and the new era of 
molecular ion spectroscopy began.
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One breakthrough was carried out by Wing and his co-workers in 1976 by 
forming the ions into a beam and exciting it with an infrared laser beam [6] [7] 
[8], By using a wide variety of ion sources, a wide variety o f ions can be studied 
with this technique. The beam of ions which underwent vibrational transitions 
was collided with buffer gas. Because the concentration of ions in such a beam is 
small, the effects o f the infrared radiation were detected by monitoring changes 
induced in the ion current that resulted when ions transfer their charges through 
collisions with a buffer gas. With this technique, Wing and his co-workers 
observed the vibration-rotation spectrum of the simple ions HD+ [6], HeH+ [7], 
D 3+ [8], H2D+ [9], (3He4He)+ [10], In 1985, Lineberger and his co-workers 
obtained the first vibration-rotation spectrum of a negative ion NH' [11] [12], A 
more detailed study o f negative ion NH' was conducted by Farley and his co­
workers [13] [14] [15] [16],
Another breakthrough was carried out by Woods and his co-workers by 
directly measuring rotational absorption spectra in the microwave region of a 
series of simple ions (CO+, HCO+, and HNN+) generated in an electrical dis­
charge [17] [18] [19]. The shortcoming of this technique is that in the plasma the 
ions are often outnumbered by neutral species by as much as a million to one. 
Hence spectra o f charged molecules in discharge are often completely obscured 
by the much stronger absorptions of neutral molecules. Later in 1983, Saykally 
and his co-workers developed the technique known as “velocity modulation 
spectroscopy” [20] [21], This technique is based on the fact that ions in a posi­
tive column plasma are accelerated by the axial plasma electric field to a net drift 
velocity o f about 500 m/sec., which is superimposed on their random thermal 
motion. This net drift velocity causes the ions to exhibit a small Doppler shift in 
their spectral transitions. By rapidly reversing the polarity of the discharge, spec­
tral transitions can be Doppler-shifted in and out of coincidence with monochro­
matic laser radiation. As a result, the detected laser power is modulated at the 
same frequency at which the polarity is switched. The electronic processing 
yields absorption spectra o f ionic transitions. In the meantime, the much stronger 
absorptions of the more abundant neutral species are electronically rejected 
because they do not exhibit the Doppler switching effect [11] [12]. With this 
technique Owrutsky made the first direct observation of the vibrational absorp­
tion spectrum of the negative ion OH' in 1985 [22] [23], In 1989, Das and Farley 
made the first observation of the visible absorption spectrum of positive ion 
H20 + [24], So far, over 55 positive and negative ions have been observed with 
this technique.
The old ion beam machine in this lab was built by Farley, Al-Za’al and 
Miller at University o f Oregon. With the mass-selector built inside, the machine 
is very good at detecting negative ions [25] [26], The maximum negative ion 
current obtained in this machine is 200nA. The maximum positive ion current of 
CO+ obtained in this machine is 30nA [27],
In molecular ion spectroscopic experiments higher ion beam current is
always desirable because higher ion current means there will be more ions inter­
acting with the photons and the signal to noise ratio will be bigger. The principle 
in designing the new ion beam machine is to obtain a higher ion beam current. 
For this reason, the mass-selection is omitted in the new machine, and the equi­
potential tube is set short. The interaction region of ions and laser is inside the 
equipotential tube, where the ions move with a constant speed which is deter­
mined by the potential difference between the ion source and the equipotential 
tube. The disadvantage of omitting the mass-selector in the machine is there are 
many different species of ions in the beam. A mass spectrometer is installed to 
analyze the ion beam after interaction with the laser beam. Since mass spectrom­
eter can only detect slow ions, the ion source is floated to low voltage (30 - 
80V). The high current ion beam is achieved by floating all the internal parts 
(including electronic lens, quadrupole beam bender, and equipotential tube) to 
high voltage. A high proportion of desirable ions in the beam can be achieved by 
monitoring the mass spectrometer and adjusting the ion source conditions. With 
different ion sources, this ion beam machine has generated many different ion 
beams. The typical CO+ ion current is 800 nA, the typical H20 + ion current is 70 
nA, and the typical N2+ ion current is 200 nA. All currents are measured in the 
Faraday cup.
This group choose to investigate N2+ because of its importance in our 
understanding of aurora, comets, and many atmospheric phenomena. In 1950 
Meinel observed the X<r- A transition in the aurora [28], and the spectra of the
(1, 0), (2, 0), (3, 0), and (4, 2) bands were later obtained by Douglas and Dalby 
with resolution of approximately 0.1cm '1 [29] [30], In 1982 Grieman, Hansen, 
and Moseley observed the (5, 0) band by using the charge exchange detection 
method [31] [32], The principle of this detection method is that charge exchange 
reaction of ground state N2+ with Ar is endothermic and hence does not occur, 
but the reaction o f the first excited A state N2+ with Ar is exothermic and pro­
ceeds rapidly. Therefore the excitation of N2+ to its A state can be detected by 
detecting the appearance of Ar+. In 1984, Miller, Suzuki, and Hirota observed 
and analyzed the (4, 0) band of A <-X  transition by laser induced fluorescence 
(LIF) in an afterglow [33], In 1987, Radunsky and Saykally observed and ana­
lyzed the (7, 3) band of A <-X  transition by using velocity modulation spectros­
copy in a discharge tube [34].
The previous experiments on the A <- X  transition were Doppler-limited, 
and the typical Doppler line width is 2 GHz or more wide. Our experiment is the 
first experiment on the A <- X  transition by using the sub-Doppler coaxial laser 
beam and ion beam technique, and the typical linewidth is between 100 MHz 
and 150 MHz. The lowest upper limit of the linewidth in the (4, 0) band of 
A <- X  transition is set by this experiment. Taking advantage of the narrow line­
width in this experiment, a number o f scans were taken over those closely 
spaced lines. Many lines that were unresolved or partially resolved in previous 
work are fully resolved by this experiment, and the energy splitting of the lower 
rotational lines is directly measured for the first time. The spin-rotation constant
is obtained for the first time through the fully resolved doublet whose splitting is 
caused by the spin-rotation coupling.
The ion beam apparatus used in this experiment is an excellent tool to do 
the spectroscopy experiment with many advantages over the commonly used 
technique of discharge tube. Besides the narrow linewidth which is very crucial 
in doing high resolution spectroscopy experiment, the ion beam apparatus can 
also distinguish the spectrum of different ions by simply changing the potential 
difference between the interaction region where the ions interact with laser and 
the ions source where the ions are generated. Since the speed of the ions in the 
interaction region depend on the ion mass and charge, the Doppler shift of the 
resonant frequencies also depends on the ion mass and charge. By looking at the 
spectrum of ions with different potential difference between the ion source and 
the interaction region, the spectrum of ions of different mass can be easily distin­
guished. This advantage is very important because in discharge tube there is no 
way to tell the mass o f the ions, thus if different ions are created in the same dis­
charge, the assignment o f the observed lines could be very messy, and some­
times could be impossible. There are some ways to distinguish the spectrum of 
different ions by varying the discharge conditions, but there is no direct way of 
measuring the mass o f ions inside the discharge tube.
The ion beam apparatus can be used by other physicists to do high resolu­
tion spectroscopy experiments on a variety of ions, and it can also be used to
double check the spectrum of different ions obtained through the discharge tube. 
Since the signal linewidth in the ion beam apparatus is very narrow, it is not very 
efficient to use this apparatus to search those unknown spectrum. Since the spec­
trum linewidth o f discharge is much bigger, it is desirable to use the discharge to 
scan those unknown spectrum first. Once the spectrum is found, the ion beam 
machine can be used to double check those spectrum and make high resolution 
measurements. This apparatus is designed to be user friendly so the high ion cur­
rent is relatively easy to obtain. The database of many operating voltage parame­
ters to have the high ion current in this machine is established, and the typical 
operating voltage parameters are also listed in this dissertation. The technique 
demonstrated here is applicable to a wide variety of molecular ions.
CHAPTER II 
Vacuum System
In ion beam spectroscopic experiments, the first thing to be done is evac­
uate the system where the ions will interact with the laser beam. Evacuation is 
the first step in creating a new gaseous environment. After feeding the ion 
source with the parent gas, a large number of gas molecules will enter the cham­
ber through the aperture in the anode. The vacuum system must satisfy the con­
tinuing requirement o f removing gas as it evolves. Since the beam of ions must 
be transported in vacuum, a good vacuum system is an essential part o f  the 
experimental apparatus of molecular ion spectroscopy [35],
The vacuum pumps used in this spectrometer system are the VHS-6 dif­
fusion pump and the Welch 3102A mechanical pump. The vacuum is shown 
schematically in Fig.l. The diffusion pump is attached to the ion beam machine 
chamber, which is supported by an iron frame. The fluid used by the diffusion 
pump is silicone fluid (D-7040), which is heated by the three-phase electrical 
. heater (2200W, 208V) at the bottom of the pump. The vapor is conducted 
upward through a tower above the heater to an array of nozzles from which the 
vapor is emitted in a je t directed downward and outward toward the pump walls. 
The walls of the pump are cooled by water so that molecules of the working 
fluid vapor condense before their motion is randomized by repeated collisions. 
Thus, the gas molecules are moved from inlet to outlet by momentum transfer
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Figure 1. Pumping System
from a directed stream of oil vapor [35], The coolant trap, which is cooled by 
Copeland Model JFC1-0025-IAA-958 refrigerator, is located above the inlet of 
the diffusion pump so that any oil vapor that migrates upwards will be con­
densed in the trap. Between the coolant trap and the ion beam chamber is the 
gate valve which is used to separate the chamber and pump. Two thermal 
gauges, T1 and T2, are mounted on the foreline and roughing-line 1.5 in. diame­
ter copper pipe. The foreline and roughing-line copper pipe are connected to 
valves, VI and V2, respectively. The valves, VI and V2, are also connected 
through copper pipe line and vibration isolation bellows to the Welch mechani­
cal pump. The mechanical pump is supported by four springs inside a separate 
iron frame so the effect of mechanical pump vibration on the ion beam chamber 
can be reduced to a minimum.
The diffusion pump can only operate when the pressure is low so the 
mean free path is larger than the distance from the vapor-jet nozzle to the wall. If 
the pressure condition can not be satisfied, then the downward momentum of 
vapor molecules is lost and the vapor molecules migrate into the vacuum sys­
tem. This condition is “stalling” the diffusion pump, and it is a disaster because 
the vacuum chamber is contaminated. The foreline thermal gauge T1 is con­
nected to a controller box which also controls the operation o f the diffusion 
pump. The controller box will shut off the diffusion pump automatically when 
the thermal gauge T1 detects high pressure (typically this value is set to 200 
mTorr) in the foreline. The cooling water of the diffusion pump also flows
through a flow switch so when the cooling water stops flowing, the flow switch 
sends out a signal to the controller box to shut off the diffusion pump.
Before activating the pumping system, all valves must be closed. The 
cooling water for the diffusion pump is always turned on first, and the indicator 
light for the cooling water on the front panel of the controller box is lit, indicat­
ing that the water is flowing through the water-cooling coil on the wall o f the 
diffusion pump. After the mechanical pump is turned on for about 30 seconds, 
the valve V2 is slowly opened and the mechanical pump starts to pump the 
region up to the gate valve. The foreline pressure is detected by thermal gauge 
T2 and monitored on the gauge controller. After the foreline pressure falls below 
100 mTorr, the diffusion pump is activated from the controller box. The warm­
up time for the VHS-6 diffusion pump is about 10 minutes. The refrigerator for 
the coolant trap is turned on right after the diffusion pump is activated. The 
refrigerator should be turned on only after the mechanical pump has roughly 
evacuated the coolant trap region in order to prevent moisture from condensing 
in the coolant trap.
The ion beam chamber must also be rough-pumped to a pressure under 
100 mTorr by the mechanical pump before it can be pumped by the diffusion 
pump. The valve V2 is closed first, then the valve VI is opened slowly to let the 
mechanical pump evacuate the chamber through the backing line. The backing 
line pressure is detected by thermocouple gauge T 1 and shown on the front panel
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o f the gauge controller. If there is no leaks in the chamber, the backing line pres­
sure should fall below 100 mTorr in 4 minutes. After the backing line pressure is 
under 100 mTorr, valve VI is closed, then valve V2 is opened and the gate valve 
is also opened to let the diffusion pump evacuate the chamber. Valve V2 cannot 
be closed for too long, otherwise, the diffusion pump might be strangled. The ion 
gauge, which is detecting the chamber pressure, can be turned on after the cham­
ber is pumped for about 10 minutes. The chamber pressure will reach 2 x 10 5 
Torr in 1 hour and 2 x 10~6 Torr in 4 hours.
The gate valve is normally closed at night as a precaution to protect the 
ion beam chamber. After the gate valve is closed, the chamber is slowly back­
filled with nitrogen (N2) gas to prevent the moisture in the air condensing on the 
wall o f the chamber. If the chamber is filled with nitrogen (N2) gas, the pumping 
time needed to evacuate the chamber later can be significantly reduced.
To shut down the pumping system, the gate valve is closed and the cham­
ber is filled with nitrogen (N2) gas. The diffusion pump is turned off from the 
front panel o f the controller box while the mechanical pump continues to pump. 
It is very important to let the mechanical pump continue to pump because even 
after the diffusion pump is turned off, the boiler at the bottom of the diffusion 
pump is still very hot and the tower nozzle continues to emit oil vapor downward 
and outward toward the pump walls. The cool down time for the VHS-6 diffu­
sion pump is 10 minutes. After the diffusion pump is cooled down, the mechani­
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cal pump is turned off and the gate valve is slowly opened to fill the pumping 
system with nitrogen (N2) gas. The refrigerator for the coolant trap is turned off 
and the cooling water for the diffusion is shut off. All the valves are closed to 
complete the shut down procedure.
CHAPTER III 
Ion Beam Machine
This ion beam machine was designed to generate a high current ion beam. 
Fig. 2 illustrates the schematic o f this machine. The whole ion beam machine 
consists of only seven parts: ion source, electrostatic lenses (extractor, focus 1, 
focus2, vertical deflector), first quadrupole beam bender, equipotential tube, sec­
ond quadrupole beam bender, second vertical deflector, and ion detector (grid, 
shield, Faraday cup). All these parts are supported by the corresponding electri­
cal apparatus which is discussed in detail in chapter IV.
There are two types o f ion sources being used in this ion beam machine to 
generate different types o f ions. The high pressure ion source is most suitable to 
generate terminal ions, which are not going to evolve into another kind of ions. 
The electron impact ion source is most suitable to generate intermediate reactive 
ions which react to form terminal ions.
High Pressure Ion Source
The “hot cathode, high pressure” ion source [36] is shown schematically 
in Fig.3. The two plates inside the ion source are sometimes omitted. The anode 
and cathode are 1 cm thick magnetic steel plates of 15 cm diameter, and the 
anode and cathode plates are separated by a glass sleeve which presses the O- 
rings in the 12 cm diameter grooves on the two plates. The anode is insulated
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Figure 3. Hot Cathode, High Pressure Discharge Ion Source
from the chamber by a plastic plate. The anode and cathode are held together by 
three long bolts mounted on the anode plate, and teflon sleeves are used to insu­
late the cathode from the bolts. Inside the ion source, the two ends of the fila­
ment are bolted in two copper slabs which are connected to two high current 
electrical feedthroughs (10 kV, 30 A). The electrical feedthroughs are insulated 
from the cathode by two rubber and ceramic sleeves. A stainless steel base 
shield is mounted on the cathode plate to protect the electrical feedthroughs from 
coating. The gas feedthrough on the cathode plate is electrically insulated from 
the gas tank by a teflon tube.
Inside the ion source there are two stainless steel plates, 7.6 cm diameter 
and 1 mm thickness, mounted on the anode plate by three stainless steel bolts. 
The three stainless steel bolts are shielded by three glass sleeves o f 1.5 cm long 
and 1 mm thick. The plate which is nearest to the anode is called the “spider 
plate” because of the triangular web at its center. Fig. 4 shows the schematic of 
the spider plate. The web consists o f three 8 mm diameter holes and their centers 
lie on a circle of 5 mm radius. The spider plate is separated from the anode plate 
by three stainless steel ring spacers of 2 mm long and 2.5 mm in inner diameter 
around the three supporting glass sleeves. Thus the spider plate and anode plate 
have the same potential. The next plate is called the “plasma confining plate” 
because its main purpose is the confine the plasma region. There is a hole of 5 
mm diameter at the center of the plasma confining plate, and the plate is insu­
lated from the spider plate by three glass ring spacers, 5 mm long and 1 mm in
20
Figure 4. Spider Plate
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inner diameter, around the three supporting glass sleeves. The potential of the 
plasma confining plate will be determined by its position in the plasma region 
and by discharge conditions. The filament is made long enough that the head of 
the filament can just penetrate into the hole of the plasma confining plate.
The choice o f filament material mainly depends on the type of parent gas 
used in the ion source. Tungsten filaments are most suitable for hydrocarbon 
gases, while thoriated-iridium filaments are most suitable for oxidizing gases. 
The thoriated-iridium filaments tend to have longer lifetime (typically 150 
hours) than tungsten filaments (typically 40 hours), but they are much more 
expensive than tungsten filaments.
The parent gas is introduced into the ion source through the gas 
feedthrough on the cathode plate, and the parent gas inside ion source is pumped 
out into the chamber through a 1 mm diameter aperture on the center of the 
anode plate. The pressure inside the chamber is detected by an ion gauge 
attached to the chamber. Before the introduction of parent gas in the ion source, 
the typical background pressure inside the chamber is 1.0 x 10 6 Torr. In the 
experiment on N2+, the typical operating pressure inside the chamber after the 
parent gas (N2) is introduced in ion source is (2 -  5) x 10 5 Torr. The pressure 
inside the ion source is much higher than the pressure detected inside the ion 
source. This is the reason it is called “high pressure ion source”.
After feeding the ion source with the parent gas, the filament is heated to
cause emission of electrons in order to create the ions. The filament is connected 
to a Hewlett-Packard 6256B (0 - 10 V, 0 - 20 A) DC power supply, and the typi­
cal filament current is 8 A. The filament is connected to the cathode so the fila­
ment and cathode plate have the same potential. The bombarding voltage 
between cathode and anode is provided by Heath SP-2717A (0 - 400 V, 0 - 150 
mA) which has two meters reading current and voltage output simultaneously. In 
the experiment on N2+, it is found that the mass spectrum of the ion beam is very 
sensitive to the conditions o f ion source, especially the bombarding voltage and 
the emission current. The typical bombarding voltage between cathode and 
anode plate to get the maximum N 2+ current in the ion beam is 35 V, and the typ­
ical emission current is 80 mA.
During the operation of the ion source, the electrons are emitted by the 
filament and accelerated towards the anode plate. The plasma is formed through­
out the ion source due to the collisions between gas molecules and electrons. 
The ions near the hole of the anode are extracted to form the ion beam because 
of the potential difference between the ion source and the extractor outside the 
anode hole. In order to generate more ions from the ion source, three permanent 
magnets are attached on the anode and cathode plate. The electrons emitted by 
the filament are confined in the plasma region by the magnetic field, thus more 
ions are generated. It is found an increase of 50% in ion current can be achieved 
by putting three permanent magnets around the ion source symmetrically.
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Electron Impact Ion Source
The principle of the electron impact ion source [36] is to form the ions in 
a very small region and extract the ions from the ion source before reactions 
occur between the ions and the neutrals. The electron impact ion source is shown 
schematically in Fig. 5. It is very important to keep the pressure inside the ion 
source low so the reactions between the ions and neutrals are reduced to a mini­
mum. There are seventeen ventilation holes of 1 cm diameter on the anode plate 
to let the neutral molecules inside the ion source be pumped out into the cham­
ber. The anode and cathode are 1 cm thick magnetic steel plates of 15 cm diame­
ter, and the anode and cathode plates are separated by a glass sleeve which 
presses the O-rings in the 12 cm diameter grooves on the two plates. The anode 
is insulated from the chamber by a plastic plate. Anode and cathode are held 
together by three long bolts mounted on the anode plate, and teflon sleeves are 
used to insulate the cathode from the bolts which are attached to the anode. 
Inside the ion source, the two ends o f the filament are bolted in two copper slabs 
which are connected to two high current electrical feedthroughs (10 kV, 30 A). 
The electrical feedthroughs are insulated from the cathode by two rubber and 
ceramic sleeves. The gas feedthrough is mounted on the top edge of the anode 
plate, and connected to the 2 mm diameter and 2 cm long aperture in the center 
o f  the anode plate by a long tunnel o f 1 mm cross-section diameter inside the 
anode plate. Electrons emitted from the filament are focused into the center 
aperture by two focus plates, which are two stainless steel plates mounted on the
Gas Inlet
Insulator
i ;_^M^.^ ooonmonn  .......... I.-, I..
Focus 1
Focus 2
Anode Plate Cathode Plate
Figure 5. Electron Impact Ion Source
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cathode plate by four stainless steel bolts. The four stainless steel bolts are 
shielded by four ceramic sleeves o f 150 mm long and 1 mm thick. The plate 
which is nearest to the filament is called “focus 1”, and the plate which is nearest 
to the anode is called “focus 2”. The focus 1 and focus 2 plates have center holes 
o f diameter 5 mm and 7 mm, respectively. The focus plates are connected to two 
BNC connectors mounted on the cathode plate.
The filament used in this ion source is the 0.002" x 0.027" thoriated-irid­
ium ribbon. A tungsten filament is not used in this ion source because this ion 
source is main used to generate cations (H20 +) and tungsten tends to react with 
water and have a very short lifetime.
The parent gas is introduced into the ion source through the gas 
feedthrough and the tunnel inside the anode plate. The parent gas inside the ion 
source is pumped out into the chamber through the seventeen 7 mm diameter 
ventilation holes on the anode plate. The pressure inside the ion source is 
approximately the same as the pressure in the chamber, and is monitored by an 
ion gauge attached to the chamber. Before the introduction of parent gas in the 
ion source, the typical background pressure inside the chamber is 1.0 x 10 6 
Torr. In the experiment on H20 +, the typical operating pressure inside the cham-
- 4ber after the parent gas (H20 )  introduced into the ion source is ( 2 - 5 )  x 10 
Torr.
After feeding the anode center aperture with the parent gas, the filament
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is heated to emit electrons and the electrons are focused into the center aperture 
by focus 1 and focus 2 to create the ions. The filament is connected to a Hewlett- 
Packard 6256B (0 - 10 V, 0 - 20 A) DC power supply, and the typical filament 
current is 4 A. The filament is connected to the cathode so the filament and cath­
ode plate have the same potential. The focus 1 plate is connected to a Hewlett- 
Packard Harrison 6209B power supply (0 - 320 V, 0 - 0.1 A), and the focus 2 
plate is connected to a Hewlett-Packard Harrison 6106A power supply (0 - 100 
V, 0 - 0.2 A). The bombarding voltage between cathode and anode is provided 
by Heath SP-2717A power supply (0 - 400 V, 0 -150 mA) which has two meters 
reading current and voltage output simultaneously. In the experiment on H20 +, it 
is found that the mass spectrum of the ion beam is very sensitive to the condi­
tions o f ion source, especially the bombarding voltage, the focus 1 and focus 2 
voltage, the emission current, and the pressure.
During the operation of the ion source, the electrons are emitted from the 
filament and focused into the anode center aperture by focus 1 and focus 2 plate. 
The plasma is formed inside the long aperture, and the ions are extracted to form 
the ion beam because o f the potential difference between the ion source and the 
extractor outside the anode aperture. Due to the low pressure inside the ion 
source, many H20 + ions are extracted out of the anode aperture without reacting 
to H20  neutrals to form H30 +. The disadvantage of the electron impact ion 
source is the inherently low ion current due to the small plasma region inside and 
outside the anode center aperture.
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The experiment on H20 + did not yield any result. One possible reason is 
that the number of ions generated by the electron impact ion source is too small 
for any resonance to be detected. The typical H20 + ion current is about 50 nA in 
contrast to the typical 200 nA ion current o f N2+. Another possible reason is that 
difference o f the collisional cross-section between different states o f H20 + is not 
big enough for the resonance to be detected. Further improvement in the ion 
source is needed to obtain higher ion current, and a variety of gas may be tried as 
the buffer gas.
Electrostatic Lenses
The electrostatic lenses, shown schematically in Fig. 6, consist of four 
parts: extractor, first focus, secondary focus, and vertical deflector. All lens ele­
ments are made of stainless steel and held by 35mm x 35mm rectangular stain­
less steel plates, which are supported by four ceramic rods of 50 mm long and 2 
mm in diameter. The four ceramic rods are mounted on a 50mm x 70mm rectan­
gular aluminum plate which is bolted into the next quadrupole. All the plates are 
insulated from each other by two serial ceramic ring spacers o f 4 mm long and 2 
mm in inner diameter and 1 mm thick around the four supporting ceramic rods. 
The lens elements are connected to the electrical feedthroughs by five stainless 
wire with one end alligator-clipped to the feedthrough and the other end spot- 
welded to the lens element.
The extractor is a cylinder with one cone-shaped end next to the extractor.
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The dimension of the extractor is 10 mm long and 9 mm in inner-diameter and 1 
mm thick and 45° in cone-shaped end. The distance between the extractor and 
the ion source anode plate is 8 mm. During normal operation there is a potential 
difference of 2000 V - 4000 V between extractor and anode plate. With this large 
potential difference, there is a large force to draw the ions out o f the ion source 
through the aperture in the anode, and thus a large ion current is obtained from 
the ion source.
The two focusing elements are two cylinders of 10 mm long and 9 mm in 
inner-diameter and 1 mm thick. The distance between the first focus lens and the 
extractor lens is 2 mm, and so is the distance between the two focus lenses. Fig. 
7 shows the equipotential surfaces associated with the field produced by two cyl­
inders biased at different voltage V! and V2. The focal properties of the two-cyl­
inder lenses depend on many factor such as diameter of the cylinders, the space 
between them, and the ratio of the final to initial kinetic energies of the transmit­
ted ions. With the gap between the cylinders and the diameter of the cylinders 
fixed, the maximum focusing effect is achieved by adjusting the voltages on the 
two focusing cylinders. Due to the changing condition of the ion source and 
space charge effect of the ion current, the voltages on the two cylinders need 
constant minor readjustment to maintain the maximum focusing effect.
The vertical deflector consists of two parallel 10 mm x 35 mm rectangu­
lar stainless steel plates. The two plates are spot-welded perpendicularly to two
30
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12 mm x 35 mm rectangular stainless steel plates which are supported by four 
ceramic rods mounted on the extractor. The vertical distance between the two 
deflector plates Ytop and Ybottom is 10 mm, and the distance between deflector 
plates and the secondary focus cylinder lens is 2 mm. Voltages on the deflector 
pairs are always symmetric about zero volts so the potential at the center axis 
between the two plates are always zero, thus the accelerating or decelerating 
effect on the ions is minimized. Even with the minimized accelerating or deac- 
celerating effect, the deflector still has some focusing effect on the passing ion 
beam. After the adjustment of the voltages on the deflector, adjustment on the 
two focusing voltages is usually needed to compensate for the focusing effect of 
the deflector.
First Quadrupole Beam Bender
Fig. 8 illustrates the quadrupole beam bender [37], The four sections of 
the cylinder are insulated from the two 55 mm x 55 mm rectangular top and bot­
tom aluminum plates by plastic balls 8 mm in diameter. The four sections are 
made from aluminum. The height of the four cylinder sections is 60 mm, and the 
gap between adjacent cylinders is 10 mm.
In order to bend positive ion beams by 90°, the repulsive cylinder pair is 
electrically connected to a common positive potential and the attractive cylinder 
pair is electrically connected to a common negative potential relative to the 
internal ground, i.e., the ground plate where the quadrupole is mounted. The
Cylinder Section Pair
Figure 8. Quadrupole Beam Bender
Figure 9. Electric Fields Inside the Quadrupole Beam Bender
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electrical connection is achieved by connecting the opposite cylinder pair with a 
stainless steel wire and connecting this pair to the electrical feedthrough 
mounted on the wall o f the chamber. Fig. 9 shows the electric fields produced by 
the two pairs o f cylinders biased at positive voltage V+ and negative voltage V.. 
The typical bias voltages for the N 2+ ion current of 2000 V beam voltage are 
+1250 V and -800 V relative to the internal ground, respectively.
The quadrupole beam bender has a focusing effect on the ion beam. Thus 
a readjustment of the voltages on the focus lenses and deflector is needed to 
compensate the focusing effect of the quadrupole.
Equipotential Tube
The equipotential tube is a 70 mm long hollow stainless steel cylinder of 
12 mm in diameter, as shown schematically in Fig. 10. The diameter o f the two 
apertures at the axis on both side o f the equipotential tube is 1 mm. The tube is 
held by two insulating teflon holders, and the teflon holders are held by four 
stainless steel plates which are supported by four 85 mm long aluminum bolts. 
The four aluminum bolts are mounted on the two aluminum shield plates of the 
two quadrupole beam benders. The equipotential tube is connected to a electrical 
feedthrough mounted on the wall o f the chamber by a stainless steel wire with 
one end clipped by a small alligator clip on the feedthrough and the other end 
spot-welded to the tube.
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The laser and ion beam are sent through the aperture on both sides of the 
tube and overlap each other along the axis of the tube. The tube voltage is set by 
a DC power supply. The kinetic energy of the ions in the tube is determined by 
the potential difference between the tube and the anode of the ion source. Inside 
the tube, there is no electric field because of the electrostatic shield, so the ions 
inside the tube move with constant speed. This is the region where the ions and 
photons interact. The speed of the ions can be changed by changing the tube 
voltage, thereby tuning the laser frequency in the ion rest frame to the resonant 
frequency o f the ions due to the Doppler shift. In the experiment of N2+ spectros­
copy, the voltage on the tube is set fixed, and the resonant frequency is searched 
by scanning the ring-dye laser wavelength continuously. The advantage of scan­
ning the laser frequency is the wide scanning range.
For a longer tube, the ion beam has more overlap with the laser beam. 
But, a longer tube also means fewer ions can pass through the tube and reach the 
detector. It is desirable to take into account both sides and make a compromise to 
obtain the optimum effect. The tube used is 70 mm long with the aperture of 
diameter 1 mm. In the experiment of N2+, about 100 nA to 400 nA ions pass 
through the tube and reach the Faraday cup detector.
Second Quadrupole Beam Bender
The ions passed through the equipotential tube is bent 90° again by the 
second quadrupole to reach the Faraday cup detector. Since the quadrupole (II)
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is floated to -1000 V while the potential of the Faraday cup is almost zero, the 
ions experience rapid deceleration in the region between the quadrupole and the 
detector. The structure of the quadrupole (II) is the same as the quadrupole (I).
By switching the voltage polarity on the quadrupole pairs, the quadrupole 
(II) is also used to bend the ion beam into the mass spectrometer which is 
mounted on the opposite side of the Faraday cup. In the experiment of N2+ spec­
troscopy, the typical voltages to bend ion beam into the Faraday cup is -434 V on 
the attractive pair and +685 V on the repulsive pair. The typical voltages to bend 
ion beam into the mass spectrometer is -450 V on the attractive pair and +640 V 
on the repulsive pair. Note the attractive pair for bending ion beam into the mass 
spectrometer is the repulsive pair in the case of bending ion beam into the Fara­
day cup.
Detector
The detector, as shown schematically in Fig. 11, consists of three main 
elements: shield, grid, and Faraday cup. The Faraday cup is spot-welded to a 
stainless steel wire which is alligator-clipped to a electrical feedthrough 
mounted on the wall of the chamber. The ions are collected by the Faraday cup 
and the resultant electrical current is measured by the electrometer directly. In 
the early stage of this ion beam machine, the ion source was floated to +2000 V, 
thus the speed of the positive ions reached the Faraday cup was very high due to 
the 2000 V potential difference. When the fast positive ions hit the metal surface
38
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o f the Faraday cup, the impact created secondary electrons [35]. Since the Fara­
day cup is used as a positive ion collector, the loss of secondary electrons is 
looked at as additional ions by the electrometer. To prevent the escape of second­
ary electrons, the depth of the Faraday cup is designed bigger than its diameter, 
as shown in Fig. 11. The grid biased at -30 V in front of the Faraday cup is also 
used to prevent the escape of the secondary electrons. In the experiment on N2+, 
the ion source is normally floated at +80 V, and thus the speed reached at the 
Faraday cup is low due to the small potential difference between the ion source 
and the Faraday cup. There is no secondary electron created in the Faraday cup 
due to the low speed of the incoming ions. The grid is still biased at -30 V even 
though it is not a necessity for slow ions. A grounded shield around the Faraday 
cup is installed to prevent the scattered charged particles in the chamber from 
reaching the outside of the Faraday cup.
Mass Spectrometer
A modified version of Ametek Dycor N1A200 Quadmpole Gas Analyzer 
is mounted on the wall of the chamber opposite to the Faraday cup. By changing 
the voltages on the quadrupole (II), the ion beam is bent 90° into a tube (170 mm 
long and 2 cm diameter), then into the quadrupole gas analyzer head. A second­
ary vertical beam deflector, which consists o f two 10 mm x 10 mm rectangular 
aluminum plates embedded in a Plexiglas holder, is placed between the quadru­
pole (II) and the entrance of the tube in order to deflect the ion beam into the
40
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Figure 12. Secondary Vertical Deflector
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Dycor MA200 quadrupole gas analyzer head. Fig. 12 shows the secondary verti­
cal beam deflector schematically. The two plates are connected to a electrical 
feedthrough by two stainless steel wires, and the typical voltages to deflect the 
ion beam into the Dycor MA200 quadrupole gas analyzer head is +40 V on the 
top plate (Vtop) and -40 V on the bottom plate (Vbottom).
It is very difficult to send the ion beam into the Dycor MA200 quadrupole 
gas analyzer head in the first time because the ions have to travel through a 170 
mm long tube whose internal aperture diameter is only 5 mm, and the response 
time for the ion spectrum be shown on the screen of the analyzer is very long. It 
is necessary to install a Faraday cup C3 which simulates the position of the 
Dycor MA200 gas analyzer head. Fig. 13 shows the Faraday cup C3 schemati­
cally. The distance between this Faraday cup C3 and the quadrupole (II) is about 
the same as the distance between the gas analyzer head and the quadrupole (II). 
The Faraday cup C3 is connected to the Keithley Model 485 autoranging pico- 
ammeter whose response time to the ion current is very small. By adjusting the 
voltages on the attractive pair and repulsive pair of the quadrupole (II) and the 
voltages on the vertical deflector (II), the ions are sent through the tube and col­
lected in the Faraday cup C3. Once ion current is detected in the Faraday cup C3, 
the cup is removed and the Dycor MA200 gas analyzer head is mounted in the 
same position. Without significant change in the voltages on the quadrupole (II) 
and vertical deflector (II), the ions can be detected by the Dycor gas analyzer 
head and shown on the screen of the Dycor MA200 gas analyzer.
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The Ametek Dycor MA200 quadrupole gas analyzer was originally 
designed to analyze the residual gas in the vacuum environment. With small 
modifications, this quadrupole gas analyzer is used as a mass spectrometer to 
analyzer the slow ion beam in this ion beam machine. The Dycor MA200 qua­
drupole gas analyzer is most suitable to analyze an ion beam whose beam volt­
age is 20 V - 80 V. The resolution of the mass spectrum is very poor for ion 
beam whose beam voltage is above 100 V. It is also very difficult to send an ion 
beam whose beam voltage is under 20 V into the mass spectrometer. The mass 
spectrum of the ion beam is shown on the screen of the control panel and can 
also be sent to a computer attached to the control box.
Since there is no ion mass selector built inside this ion beam machine, it 
is always necessary to optimize the ion source condition to produce the maxi­
mum proportion of desirable ions in the ion beam before the spectroscopy exper­
iment starts. During the optimization process, the mass spectrum shown on the 
screen of the mass spectrometer is closely monitored while the ion source condi­
tion is under constant change. In the experiment o f N2+, it is found that high per­
centage of N2+ ions is produced by the ion source when the bombarding voltage, 
i.e., the voltage between cathode and anode plate, is between 35 V and 45 V. 
When the bombarding voltage is 14 V, a very high percentage of N+ ions is gen­
erated.
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Test Cup
It is always very difficult to send the ion beam into the Faraday cup for 
the first time. A test cup is often used to detect the ion current passed through the 
equipotential tube. The test cup is placed between the quadrupole (II) and the 
Brewster window on the wall of the chamber. The test cup, shown schematically 
in Fig. 14, consists o f a small Faraday cup of 10 mm long and 15 mm in diameter 
embedded in the teflon holder. The Faraday cup is connected to a very sensitive 
electrometer. The attractive and repulsive pairs are grounded to the internal 
ground so the passing ion beam will not be deflected.
The right voltage for the attractive pair and repulsive pair of the quadru­
pole (I) to bend the ion beam 90° onto the equipotential tube is achieved by con­
necting the tube to the electrometer and detecting the ion current on the tube. 
Once the electrometer detects a reasonable amount of ion current, i.e., above 100 
nA, the equipotential tube is grounded to the internal ground and the electrome­
ter is connected to the test cup. By adjusting the voltages on the two focus 
lenses, vertical deflector, and quadrupole (I), the ion beam is focused and trans­
mitted through the two 1 mm diameter holes of the equipotential tube to reach 
the test cup. With optimized conditions, about 10% - 20% of the ions pass 
through the equipotential tube. The ion beam passed through the equipotential 
tube is bent 90° into the Faraday cup by disconnecting the attractive and repul­
sive pairs o f quadrupole (II) from the internal ground and applying the proper
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Figure 14. Test Cup C2
voltages to these two pairs. About 80% of the ions that emerge from the equipo­
tential tube reach the Faraday cup once the right voltages on the two pairs o f the 
quadrupole are found.
Before sending the laser beam through the ion beam machine, it is neces­
sary to remove the test cup from the chamber because the test cup blocks the 
path of the laser beam. The test cup is always needed when any new changes, 
i.e., new ion species, new ion source, new ion beam voltage, etc., are introduced 
into the ion beam machine and the ion beam is lost completely.
CHAPTER IV 
Ion Beam Electronics
The supporting electrical apparatus for the ion beam machine consists of 
three parts: power supplies for the ion source, power supplies for the electro­
static lenses and quadrupole beam bender, and a fast response electrometer for 
the Faraday cup ion collector.
The high voltage floating power supplies are mounted on 10 mm thick 
wood plates which are mounted on the grounded stainless steel racks. There is a 
5 mm thick plexiglas insulator cover in front of the high voltage floating power 
supplies to prevent accidental high voltage shock. There are many holes of dif­
ferent sizes on the plexiglas front cover, some of them are used to control the 
supplies, and others are just used for ventilation purposes. Most of the control 
knobs of the power supplies and potentiometers are extended out through the 
plexiglas insulator front cover using 100 mm long plexiglas tubes or teflon rods. 
The plexiglas tubes are coupled to the control knobs by rubber couplers, and the 
teflon rods are glued to the control knobs. The switches of the power supplies 
need a certain torque to be turned, thus the switches are not extended out the 
plexiglas front cover by the plexiglas tubes or teflon rods because the rubber 
couplers and glues cannot stand the required torque applied to them. There is a 
1.5 mm wide and 3 mm deep grove on each switches, and in front of each switch 
there is a hole on the plexiglas cover so the switch can be turned by using the
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screwdriver. The non-floating power supplies are mounted on the grounded 
stainless steel racks and are easily accessed.
High Pressure Ion Source Supply
Fig. 15 shows the power supply system for the hot cathode, high pressure 
discharge ion source. The ion source anode is floated to voltages from +20 V to 
+300 V by the Hewlett-Packard Harrison 6209B (0-320 V, 0-0.1 A) DC power 
supply. The bombarding voltage between the cathode plate and anode plate is 
supplied by the Heath SP-2717A DC power supply (1-400 V, 0 - 150 mA). There 
are meters in the front panel of the Heath SP-2717 DC power supply. Thus the 
output voltage and current can be monitored simultaneously. The Heath SP-2717 
DC power supply floats at the terminal voltage of the HP Harrison 6209B DC 
power supply. The filament is heated by the Hewlett-Packard 6256B (0-10 V, 0- 
20 A) DC power supply, which floats at the terminal voltage of the Heath SP- 
2717A DC power supply.
In the experiment of N2+, the typical heating current needed to generate 
ions with a newly installed 15-mil tungsten filament is 12 A. The heating current 
needed be gradually lowed to 8 A because the tungsten filament gets thinner due 
to erosion of the filament. There is a 1.1 k ballast resistor connected to the cath­
ode in series, thus the voltage VHeath read on the front panel of the Heath SP- 
2717A is the sum of the voltage drop on the ballast resistor and the voltage drop 
between the cathode plate and anode plate. The emission current (in milliamps)
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Figure 15. High Pressure Ion Source Power Supply
^emission between the cathode and anode also passes through the ballast resistor, 
thus the bombarding voltage between the cathode and anode plate is 
v Heath ~ bM emission- The function of the ballast resistor is to maintain a stable 
discharge inside the ion source against sudden changes in emission current 
because the ballast resistor reduces the bombarding voltage as the emission cur­
rent increases. Since there is no regulator to regulate the temperature of the fila­
ment, it is necessary to adjust the heating current from the HP 6256B DC power 
supply to maintain a constant bombarding voltage between the cathode and 
anode plate.
Table I. lists the typical operating parameters in the experiment of N2+. 
The parent gas (N2) pressure monitored inside the chamber is 4.2 x 10-5 Torr. 
The optimum operating voltages for the ion source varies due to many factors, 
such as parent gas species, parent gas pressure, filament type, etc.. In order to 
obtain the maximum current of desirable ions, it is always necessary to monitor 
the ion beam through a mass analyzer while adjusting the ion source conditions. 
It was found in this experiment that many of the ions are N+ ions instead of N2+ 
ions if  the voltage between the anode and cathode falls below 14 V.
Table I: Electrical Parameters for High Pressure Ion Source
Vbeam 76 V
^bombarding 135 V
Ifi lament 12 A
^emission 80 mA
Yanode-cathode 38 V
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Electron Impact Ion Source Power Supply
The power supply system for the electron impact ion source is shown in 
Fig. 16. The power supply system has to be different for this ion source because 
the focus elements draws significant currents. The ion source anode is floated to 
voltages from +20 V to +400 V by the Kepco HB8A DC power supply (0-320 V,
0-0.1 A). The bombarding voltage between the cathode plate and the anode plate 
is supplied by the Heath SP-2717A DC power supply (1-400 V, 0-150 mA). The 
Heath SP-2717 DC power supply floats at the terminal voltage of the Kepco 
HB8A DC power supply. The filament is heated by the Hewlett-Packard 6256B 
(0-10 V, 0-20 A) DC power supply, which floats at the terminal voltage of the 
Heath SP-2717A DC power supply. The voltage on the focus 1 plate is supplied 
by the Hewlett-Packard 6209B power supply (0-320 V, 0-0.1 A), which is 
floated at the terminal voltage of Heath SP-2717A DC power supply, and the 
voltage on the focus 2 plate is supplied by the Hewlett-Packard 6106A DC 
power supply, which is floated at the terminal voltage of the Kepco HB8A DC 
power supply.
Table II. lists the typical electrical parameters needed in generating the 
H 20 + ions. The filament used is the 0.002" x 0.027" thoriated-iridium ribbon. 
The parent gas (H20 )  pressure monitored inside the chamber is 4.2 x 10~5 Torr. 
The pressure inside the ion source is the same as the pressure inside the chamber 
because there are many 1 cm diameter ventilation holes on the anode plate. The
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Ion Source
Anode
Focus 2
Hewlett-Packard 
Model 6256B 
( 0 -  1 0 V . 0 - 2 0 A )
Filament
Supply
Focus 1
Cathode
+
R = 1.1K
Heath 
Model SP-2717A  
( 0  - 400V, 0 - 150mA)
Bom barding Voltage Supply
Hewlett-Packard 
Model Harrison 6209B 
( 0 - 320V, 0 - 0.1A )
Focus 1 Voltage Supply
+
Hewlett-Packard 
Model Harrison 6106A 
(0- 100V, 0 - 0.2A )
+
+
Kepco 
Model HB8A  
( 0 - 400V, 0 - 800mA )
Focus2 Voltage Supply 
Beam Voltage Supply
Figure 16. Electron Impact Ion Source Supply
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electron impact ion source is mainly used to generate those very reactive ions, 
such as H20 + ions. The optimal operating electrical parameters for the electron 
impact ion source varies due to many factors, such as desirable ion species, par­
ent gas species, parent gas pressure, filament type, etc..
Table II: Electrical Parameters for Electron Impact Ion Source
^beam 3 0  V
^bombarding 2 0 0  V
Vfocusl 58 V  (re la tive to  ca th o d e  p la te)
Vfocus2 3 7 1 V  (re la tive to  a n o d e  p la te)
Ifilament 7 .2  A
^emission 2 2  m A
Electrostatic Lens & Beam Bender Supply
The repulsive pair of each quadrupole beam bender is supplied with posi­
tive voltage while the attractive pair of each quadrupole beam bender is supplied 
with negative voltage. The internal ground for the electrostatic lens and quadru­
pole beam bender is floated to -1000 V by the Power Designs 3K-20 DC power 
supply (0-3000 V, 0-20 mA). Fig. 17 shows the power supply system for the 
electrostatic lenses and quadrupole beam benders. The positive voltages applied 
to the focus lenses and repulsive pair of the quadrupole beam bender are sup­
plied by the four 2 k potentiometers which are connected to the output of the 
Hewlett-Packard 6525A DC power supply (0-4000 V, 0-50 mA). The power rat­
ing of each potentiometer is 8W. With +1000 V input voltage relative to the
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internal ground, the output voltage of each potentiometer can vary from 0 to 
+1000 V relative to the internal ground. The negative voltage applied to the 
attractive pair of the quadrupole (II) is supplied through a 2 k potentiometer, 
which is connected to the output o f the Power Designs 3K-20 (0-3000 V, 0-20 
mA) DC power supply, and the negative voltage applied to the attractive pair of 
the quadrupole (II) is supplied by the Bertan 215 (0-3000 V, 0-20 mA) DC 
power supply directly.
The voltage of -1000 V applied to the extractor is supplied by the Power 
Designs 3K-20 DC power supply which also supplies the voltage to the potenti­
ometer for the attractive pair o f quadrupole (II). Since the Power Designs 3K-20 
DC power supply is floated to -1000 V and the ion source is floated to certain 
positive voltage, the potential difference between the extractor and the ion 
source is above 2000 V. The big potential difference between the extractor and 
the ion source is necessary in extracting ions out of the ion source and achieving 
high current ion beam.
In order to minimize the focusing effect caused by the vertical beam 
deflector, it is necessary to supply the top plate and the bottom plate with sym­
metric voltage such that the potential at the center axis between the top plate and 
the bottom plate is zero. Fig. 18 shows the power supply system for the vertical 
beam deflectors. The voltages applied to the vertical deflector plates are sup­
plied from two lk potentiometers which are connected to two Hewlett-Packard
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6299 (0-100 V, 0-0.75 A) DC power supplies. The voltage output from the two 
potentiometers can only be adjusted simultaneously, thus the voltages on the top 
plate and the bottom are always symmetric. The two Hewlett-Packard 6229A 
DC power supplies are floated to -1000 V by the Power Designs 3K-20 which 
also floats the focus lenses and quadrupole beam benders.
Table III. lists the typical voltage parameters for the electrostatic lenses 
and quadrupole beam benders in the experiment on N2+. The corresponding 
parameters for the ion source is shown in Table I. The parent gas (N2) pressure 
monitored inside the chamber is 4.2 x 10-:> Torr.
Table III: Voltages for Lenses and Benders
înternal ground (V) -1000
êxtractor 00 -1000 + Vjnterna| ground
Vfocusl (V) +890 + VjjjtgHjgj ground
Vfocus2(V) +736 + Vjjjfgrng] ground
Vy-top (V) +61.5 + Vjnterna] ground
Vy-bottom 00 -61.9 + Vinteraa] ground
âttractive pair (I) (V) -123 J + Vjntemal ground
r̂epulsive pair (I) 00 +449 + Vjjjtgmai ground
âttractive pair (II) 00 -434 + Vjntemai ground
r̂epulsive pair (II) 00 +685 + Vjntemal ground
Electrometer
The electrometer consists o f two 3140E op amps and many capacitors
58
and resistors. The circuit o f the electrometer is shown in Fig. 19. The first op 
amp serves as a current-to-voltage converter, and the second serves as an invert­
ing voltage amplifier. There are seven different amplification factors can be cho­
sen from: 1 mV/nA, 3 mV/nA, 10 mV/nA, 30 mV/nA, 100 mV/nA, 300 mV/nA, 
1000 mV/nA. The time constant is small so the electrometer can respond to a 
high frequency signal.
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CHAPTER V 
Optical System
The laser beam which interacts with the ion beam in the equipotential 
tube comes from the Coherent Model CR-699-21 ring dye laser. The laser used 
to pump the ring dye laser is the Coherent Model Innova-20 argon laser which 
has 12 W in multiline output. The dye used in the Coherent CR-699-21 ring dye 
laser is Sulforhodamine B (Kiton Red) which has the maximum absorption at 
556 nm. The Sulforhodamine B dye is dissolved in methanol and then in ethyl­
ene glycol. The ring dye laser operates in single mode and can scan the laser fre­
quency as slowly as 100 MHz/min. By using the Sulforhodamine B dye, the 
Coherent CR-699-21 ring dye laser scan the laser wavelength from 610 nm - 680 
nm. The linewidth of a single mode output of the CR-699-21 ring dye laser is 1 
MHz or less.
Fig. 20 shows the layout o f the optical system in the experiment of N2+. A 
very small fraction of the laser is deflected into the Burleigh Model WA 20IR 
wavemeter. The wavelength of the laser is monitored using the wavemeter. The 
main laser beam is chopped by the HMS model 221 light beam chopper. The fre­
quency of the chopper is between 900 and 1000 Hz. The chopping frequency is 
also sent to the EG&G model 5209 lock-in amplifier as the reference frequency. 
It is always necessary to chop the laser in high frequency so to stay away from 
the low frequency noise. Since the laser beam needs to pass through the equipo-
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tential tube whose apertures are of only 1 mm in diameter, a telescope consisting 
o f two convex lenses with focal lengths of 50 cm and 10 cm is used to reduce the 
waist of the laser beam. All the mirrors used in this experiment are the 1.0” 
Round Pyrex Mirror with reflectivity R > 99% for light o f wavelength between 
0.48p/n and 0.69p/n. The laser output power of the CR-699-21 ring dye laser is 
normally between 150 mW and 400 mW. In the normal operation about 70% - 
85% of the laser power before the entrance Brewster window is detected behind 
the exit window.
CHAPTER VI
Theory of Experiment
Theory of Resonances In A Fast Ion Beam
This section follows the presentation by Al-Za’al et al [38], An ion of 
mass M and charge of q is created in the ion source at electrostatic potential Vs, 
having initial kinetic energy Ts. In the interaction region of electrostatic potential 
V, the ion has potential energy and kinetic energy given by qV and K. The total 
energy E is conserved in the electrostatic acceleration process, and therefore
The small probability of collision between ions and background gas dur­
ing the extraction is neglected in the following calculation. Such collisions 
might produce a small asymmetry to the resonances. Vs is the voltage applied to 
the anode of the ion source, with a small correction arising from space-charge 
and similar effects within the ion source, and the width A Vs is determined by the 
variation of the potential over the effective ion source volume. Ts and A T are 
determined by the production mechanism for the ion. V is the voltage on the 
equipotential tube.
The kinetic energy T is given by special relativity as
Ts + qVs = K + qV (EQ.6.1)
K  = ( 1 - p 2) - 1  M e 2 (EQ.6.2)
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where p = v/c. The ion beam overlaps the laser beam at an angle 0, defined so 
that 0 = 0 (7t) corresponds to parallel (antiparallel) beams. The laser frequency 
v is Doppler shifted to v' in the ion frame. The two frequencies are related by
- 1 /2
v' = v ( l  — Pcos0) (1 - p “) (EQ.6.3)
In order to obtain v' as a function of V, we rearrange Eq.(6.2) to express 3 as
3 = (2r| + ri2) I/2/ ( l  +n) (EQ.6.4)
1
where the small ratio r\ is K/Mc  .
From Eq.(6.1), q can also be expressed as
r\ = [Ts + q(Vs - V ) ] / M c 2 (EQ.6.5)
Insertion of Eq.(6.4) in Eq.(6.3) yields
, 1 / 2  ~
v' = v 1 + q -  (2r| + r f )  cos0 j (EQ.6.6)
The Doppler shift between lab frame and ion frame Av = v' -  v thus can be 
expressed as a function of V
9 1/2 1
Av(V)=  v r | - ( 2 r |  + r | )  cos0 ' (EQ.6.7)
where r\ = [Ts + q(Vs ~ V ) ] /  (Me").
The conversion between frequency and voltage due to the differential Doppler 
shift is given by
4 r y  = - i q v / M c )  dV
- 1 / 2
l - ( 2 r )  + r]“) ( l+ r i ) cos 0
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(EQ.6.8)
For 3 « 1, the useful approximation can be made as
1 / 2
v' = v {1 -  [ 2 ( 7  +qVs - q V ) / M c 2] cos0} (EQ.6.9)
and
_ 1/2
Av(F) = v[2  (7^ + qVs -  qV) /A/c“] cos0 (EQ.6.10)
and
4 - v '  = 0 v [ 2A/c"(rj + ?FJ-tfF )  2]  cos0
£//
(EQ.6.11)
Since the energy spread of moving ions stays the same, the velocity 
spread decreases as the speed of ions increases. This is called “velocity bunching 
effect” . Fig. 21 shows the “velocity bunching effect” . The Doppler width for fast 
ions can be written as
8v = — AV 
dV
(EQ.6.12)
dv .where —  is the differential Doppler shift given by Eq.(6.8) and Eq.(6.11), and 
dV
A V is the energy spread in the ion beam.
These expressions for a fast ion beam should be contrasted with the Dop­
pler width Av for ions inside a discharge which can be calculated as [39]
Av = 7 x 10 ' vJt/ M (EQ.6.13)
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Figure 21. Velocity Bunching Effect
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where T is the ion kinetic temperature inside the discharge, M is the mass of ions 
in amu, and v is the central frequency. This Doppler width turns out to be much 
larger.
The typical Doppler width for a discharge is about 2 GHz. In this experi­
ment the typical linewidth is about 130 MHz. The typical differential Doppler 
shift is about 54 MHz/V, thus the typical energy spread in the ion beam is about 
2.4 V. Therefore the Doppler width in this experiment is reduced by a factor of 2 
GHz/130 MHz = 15, compared to a discharge.
Table IV compares the Doppler resolution of N2+ in a discharge with the 
resolution in an ion beam with the velocity bunching effect. The typical values 
are obtained by assuming the temperature o f the N2+ discharge is 900 K, and the 
energy spread in the ion beam is 2.4 eV..
Table IV: Resolution Comparison Between Discharge and Ion Beam
R eso lu tio n  A v / v T yp ica l V alue
D isch a rg e 7 x 10~? -
h m
4  x 10~6
Ion B ea m
f" 2  M e 2 ]  
q AV
.  Jk  _
3 x 10"7
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Theory of Line Shape and Saturation
This theory consists o f three parts: The first part is the theory of a single 
ion interacting with a laser beam. The second part deals with the frequency dis­
tribution o f ions in the ion beam. The third part combined the first two parts to 
yield the experimental lineshape.
First consider the lineshape when a single ion of resonant frequency co' 
interacts with a laser of frequency co. The rate equation for population change in 
X state and A state can be written as
where NA and Nx are the populations in the A state and X state, dN/dt is the 
population change rate, y is the decay rate (the rate of ions leaving the beam), R 
is the laser-induced transition rate, and r is the source term, which is the rate at 
which the ions enter the beam from the ion source.
For a steady state solution, dNA/dt = 0 and dNx/dt = 0, thus
^ - = - y ANA+R {Nx - NA) +rA
riM (EQ.6.14)
0 = - y ANA +R{Nx - N A) + r A 
0 = - Y xNx  + R( NA - N x) + r x
(EQ.6.15)
From Eq.(6.15), the population in A state and X state when the laser is on 
can be expressed as
69
" a <*) = 
#*(/?) =
R ( rX +  rA)  + V x ' rA
R ( y A + y x )  + V Y . V  
^ ( ^ + ^ ) + y 4 -'-.v
(EQ.6.16)
^Cy^+Y*) + Ya ' Y.v 
When the laser is off, the transition rate R is 0. Thus the population in A 
state and X state becomes
NA ^ ) = rA/ YA 
NX (Q) =rx /yx
(EQ.6.17)
The population difference in A state between laser on and laser off ANa 
can be expressed as
ANa =Na ( R ) - N a (0)
rX-YA~rA-Yx
ya ( ya + yx )
R
R + Ya 'Yx  
Ya +Yx J
(EQ.6.18)
From standard quantum mechanics, the transition rate R can be written as
R =
\(.YA +YXW
(co “ ®0) 2 +  ~  ( J a  + Yx Y
(EQ.6.19)
where V is the amplitude of the time dependant perturbation.
Substituting Eq.(6.19) into Eq.(6.18), the population change in A state
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between laser on and laser off, A N . , can be obtained as
ANA =
-7*) (Ya +Y.y)
4Ya • Yx (co — ffl 0)  +2 (Ya + Yx)
f  I j 'n
l + i *
V yayxj
(EQ.6.20)
this can be rewritten as
AN, =
(rx ' Y A - r A 'Yx) ( y A +Yx)  
4Ya • Yx
(co -C00)~ +
2 l®L
(EQ.6.21)
where the FWHM © . i s  defined by
®L = (YA +YX)
v Y.4 • Yav
(EQ.6.22)
Note that the width ®L is dependent on the laser power. When the laser intensity 
is low, V —> 0, thus
a L ~ > Yj i + Y x - (EQ.6.23)
W hen the laser intensity is high, V » yA ■ yv, thus
(YA +Yx)
\V\
V
1 / 2
(EQ.6.24)
At high laser power the FWHM ©L is proportional to the square root o f the laser 
power, which means the transition will be saturated at high laser intensity. From
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Eq.(6.22) and Eq.(6.24), the power broadened width increases as
co L (R) =  col ( R = 0 ) ( 1  + R
R
1 / 2
(EQ.6.25)
sat
AN4 can be expressed in terms of a normalized Lorentzian lineshape 
L (co, 0 ')
ANa =
-Yx) (7.-1 + 7a~) (271̂  ) 
47^-7v-odl
L (co, co ' ) (EQ.6.26)
where the Lorentzian profile is defined by
coL/  (2u)
L ( c o )  -
(co — co ' )  “ +  ( c o , / 2 ) “
(EQ.6.27)
where 0 ' is the central frequency of the line, and coL is the FWHM width. The 
Lorentzian profile is normalized to unity by
J L (co, co')c/(co) = 1 (EQ.6.28)
Next, the Gaussian profile due to the velocity distribution of the ions is 
discussed. The Gaussian line profile can be expressed as
1G (  co,co0)
f  -A
(C O - c o n )
■
-exp
COD 2(0
(EQ.6.29)
D  J
where co0 is the central frequency, coD is the Doppler width parameter which can 
be related to the width (FWHM) by
^ F W H M  ~ (8/w2) ~(0D (EQ.6.30)
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The Gaussian profile is normalized to unity
+  00
J G (CD, C00) c/co = 1 (EQ.6.31)
-0 0
Finally, we obtain the actual linewidth which is a convolution o f Lorenti- 
zian and Gaussian profiles. The Voigt profile is expressed as
where co is the laser frequency, co0 is the resonant frequency in the lab frame of 
center of the velocity distribution, G (co', a>0) 5co' is the number of ions with res­
onant frequency between co' and co' + 8co in the lab frame, and L (co, co') is the 
response of a single ion with resonant frequency co'.
In general the Voigt profile has no simple closed-form solutions. How­
ever, it is related to the plasma dispersion function [40], When coL « coD, which is 
the case in this experiment, the Voigt profile can be solved by evaluating the 
Gaussian at co' = co by pulling the slowly varying Gaussian through the integral 
sign and solving the integral for the Lorentzian. In this approximation the Voigt 
porfile can be derived as the following
+ oo
F(co,co0) = J G(co',co0)Z(co,(o')dco'
—00
••• ( f{\ * mm ftS } ̂  / ( 0 f,\ ̂ t (EQ.6.32)
Shot Noise
The resonances o f the molecular ions are observed by detecting the small 
changes in the ion current due to the differences of the collisional cross-section 
between different states. The ion current is collected by a Faraday cup, con­
verted into corresponding voltage by an electrometer, and sent to a lock-in 
amplifier. In order to recover detectable signals, a reasonable S/N (signal to 
noise ratio) must be achieved. While most o f the low frequencies can be avoided 
by modifying the signals at high frequency (kHz), the shot noise which is caused 
by the discrete nature of charges can never be avoided. Thus, the shot noise sets 
the upper limit on how much the noise can be suppressed.
If an ion current I is detected using a bandwidth B, then the fluctuation AI
can be expressed as
A/ = [2qBI] 1/2
where B is the bandwidth and q is the electron charge (1.6 x 10 •19
Thus, the fractional fluctuation of ion current can be expressed as
A I / I  = 2 qB
1/2
where the time constant is T, and the bandwidth B is given by B : 
dB/octave and B = 1/8T for a 12 dB/octave rolloff with frequency.
Thus, the fractional shot noise can also be expressed by
M / I  = [q/  (277) ] 1/2
for 6 dB/octave rolloff frequency and be expressed by
1/2
M / I  = <1
477
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(EQ.6.34)
Coulombs).
(EQ.6.35) 
= 1/4T for a 6
(EQ.6.36)
(EQ.6.37)
CHAPTER VII 
Experimental Results and Analysis of N2+
Previous Work on N2+
The spectrum of the N2+ has been investigated for almost half a century 
due to its importance in many fields. In 1950 Meinel first observed the 
A 2Ylu <r-J^Zg transition in the aurora [28], In 1950 the rotationally resolved 
spectra of (1, 0), (2, 0), (3, 0), and (4, 0) bands were obtained by Dalby and Dou­
glas with a resolution of approximately 0.1 cm '1 [29] [30], It is very difficult to 
obtain the high resolution spectroscopy because the ^"11^ transition
consists of the one-electron transition between the a  and k orbitals and is veryg u ■>
weak. It was not until 1978 that Cook, Bondybey, and Miller observed the first 
laser induced fluorescence spectrum o f the (4, 0) band in which the rotational 
structure was partially resolved by using a pulsed dye laser with 3 cm '1 line- 
width. In 1980 Benesch, Rivers and Moore published extensive high resolution 
emission spectra o f the (0, 0), (1, 0), (2, 0), (3, 0), (3, 1), (4, 1), (4, 2), and (5, 2) 
bands.
In 1982 Grieman, Hansen, and Moseley observed the (4, 0) band by using 
the charge exchange detection method [31] [32], The principle of this detection 
method is that the charge exchange reaction between the ground state N2+ and 
Ar neutrals is endothermic, while the reaction between the first excited state
75
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N 2+(A) and Ar neutrals is exothermic and proceeds rapidly. Therefore the excita­
tion of N2+ to its A state can be observed by detecting the appearance of Ar+. 
The laser used in their experiment is a cw dye laser with linewidth o f 0.1 cm '1. 
The molecular constants obtained from a least squares fit to the rotationally 
resolved data in the experiment were a small improvement compared to those 
obtained by Douglas [29][30] from the (4, 0) band in 1953.
In 1984, Miller, Suzuki, and Hirota published a high resolution, cw laser
  O  4 -  - i .
induced fluorescence study of the A~Uu <- system of N2 . The laser used 
in this experiment is a single mode dye laser with a linewidth of < 0.002 cm '1. 
By measuring over twice as many as lines as Hansen et al., they were able to
2 *4"determine the molecular constants for A II N 2 about five to ten times more pre­
cisely. Miller et al. also analyzed the high resolution discharge emission data of 
Benesch et al. to obtain the vibrational variation of the molecular constants and 
their equilibrium values.
Even though the laser linewidth was only <0.002 cm '1 in the experiment 
performed by Miller, et al., the spectral resolution is Doppler-limited due to the 
Doppler broadening of the A2Uu <- transition in the discharge. The spectral 
linewidth they obtained is about 2 GHz, which is a typical Doppler width in the 
visible wavelength region.
The coaxial ion beam-laser beam experiment in the present work has a 
sub-Doppler linewidth, and the typical spectral linewidth is between 100 MHz to
77
150 MHz depending on the beam voltage. This experiment successfully resolved 
many lines in R22 and Q21 branch which are labeled as blended lines in the paper 
o f  Miller et al. Some o f the lines that were partially resolved by Miller et al. are 
also fully resolved in this experiment. The spin-rotation constant of N2+ in the
O 4-
(v = 0) is obtained by the direct measurement of the spacing between those
o
fully resolved spectral doublets whose splitting is caused by the spin-rotation 
coupling effect. The spin-rotation constant y0 obtained in this experiment is 
y = 0.0092 cm '1, which is in agreement with Miller’s result o fy  = 0.0091 cm '1. 
Comparison of our results with previous results is discussed later.
Experimental Procedure
Fig. 22 illustrates the schematic of the experiment on finding the high res­
olution spectrum of N2+. After the chamber is pumped down to 2.2 x 10~6 Torr, 
high grade (99.9999%) nitrogen gas is introduced into the ion source. The pres­
sure inside the chamber is set to 4.5 x 10 5 Torr by carefully adjusting the valve 
which regulates the flow of the nitrogen gas. By adjusting the electrical parame­
ters for the ion beam machine, about 200 nA to 400 nA ion currents are detected 
by the Faraday cup. A homemade fast response electrometer is connected to the 
Faraday cup through a feedthrough on the chamber wall so the current signal is 
converted to a voltage signal. The outlet of the feedthrough is carefully shielded 
so that no outside interference can be picked up by the sensitive electrometer. A 
BNC T-connector is connected to the electrometer so there can be two outputs
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from the electrometer. One output goes to the voltmeter and another goes to the 
lock-in amplifier. After the ion current in the Faraday cup is optimized, the high 
purity argon gas is slowly introduced into the chamber as the buffer gas until the 
ion current in the Faraday cup drops 50%. The typical pressure inside the cham­
ber after the buffer gas introduced is 4.1 x 10-4 Torr.
The laser used is the Coherent Model CR-699-21 ring dye laser with sin­
gle mode output from 150 mW to 400 mW. The ring dye laser is pumped by the 
Coherent Model Innova-20 argon laser with 12 W output in multiline. By using 
the Sulforhodamin B dye, the ring dye laser is able to scan the laser wavelength 
in the range from 610 nm to 680 nm in single mode. The effective ring dye laser 
linewidth is under 1 MHz. The laser beam is mechanically chopped at 920 Hz 
before being sent through the rear Brewster window of the chamber. The chop­
per also sends the chopping frequency to the lock-in amplifier as the reference 
frequency. Two convex lenses (fj = 500 mm, f] = 100 mm) are used to focus the 
laser through the aperture of the equipotential tube. The laser power inside the 
equipotential tube is about 50% - 75% of the ring dye laser output due to the 
energy losses caused by the lenses, mirrors, windows, and the equipotential tube 
aperture. The laser power is measured by a Coherent model 210 laser power 
meter.
A glass plate is inserted into the laser beam path so that about 1 mW laser 
power is deflected out of the main laser beam and sent to the Burleigh Model
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WA 20IR wavemeter. The wavemeter is calibrated by a He-Ne laser before it is 
used to measure the wavelength of the ring dye laser. The expected resonant fre­
quencies in the ion frame are obtained from the paper published by Miller, et al. 
and the frequencies are converted to the frequencies in the lab frame by using the 
formulas in the previous section.
There are two types of scanning method which are used in this experi­
ment. The first method is to scan the laser frequency. The wavelength of the ring 
dye laser is adjusted to the designated wavelength where the resonance signal is 
expected to be found. The scan range of the ring dye laser is usually set between 
3 GHz and 10 GHz. Each scan takes 8 minutes, thus the speed of scan is usually 
375 MHz/min when the scan range is 3 GHz and 3750 MHz/min when the scan 
range is 10 GHz. The lock-in amplifier takes in the voltages from the electrome­
ter and sends out the amplified signal to the chart recorder. The sensitivity of the 
lock-in amplifier is normally set to 3 pF  full scale, and the time constant is set to 
3 seconds. The resonance signal is shown on the chart recorder paper when the 
scanning laser wavelength matches the resonant wavelengths of the ions.
While performing the laser scan is very convenient, the precise measure­
ment o f the lower rotational line splitting is done by the voltage scan. The scan­
ning of the voltage on the tube is controlled by a computer. The scanning range 
is set to 97.3 V, and the scanning parameters are 200 points and 2 seconds per 
point. The time for each scan is 400 seconds.
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Figure 23. Population Distribution Among Rotational States
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It is always desirable to scan the strongest line first. Once the resonant 
signal is found, the signal is enhanced by optimizing the laser beam and ion 
beam overlap, changing the ion source condition, changing the buffer gas pres­
sure, changing the phase setting in the lock-in amplifier, etc.. The rotational 
number J for the stronger lines usually lie in between 7.5 and 11.5. Fig. 23 shows 
the population distribution of N2+ among different rotational states. After the 
signal/noise ratio for the stronger line is optimized, the ring dye laser is read­
justed to scan those weaker lines.
The ion beam machine needs periodically readjustments due to the space- 
charge effect in the electrostatic lens system and the vaporization of the filament 
in the ion source. The overlap of the laser beam and ion beam also needs period­
ical realignment because of the thermal drift inside the argon laser which causes 
the small changes in the direction of the ring dye laser.
Table V. shows the important information about the ion beam in the 
experiment of N2+.
Table V: Ion Beam Parameters
P otentia l d ifferen ce  b e tw e e n  an od e and tube (V j 1576
Ion  current (n A ) 200
L en gth  o f  ion  b eam  (c m )  L 7
Ion  beam  c r o ss-sec tio n  (cm  ) A 7 .9  x  10 ' 3
V olu m e o f  ion  b eam  (c m 3) L A 5.5 x  10’2
Ion  d en sity  ( io n s /c m  ) 1.5 x  107
Ion  v e lo c ity  (cm /s) 1.0 x  107
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Table V: Ion Beam Parameters
ratio  P 4 .5  x  1CT4
ratio  r| 6.0  x  10'8
N u m b e r  o f  io n s  in b eam  ( io n s )  n 8 .4  x  105
P ressu re o f  parent g a s  (Torr) 4 .6  x  10 ' 5
P ressu re o f  b ack grou n d  g a s  (Torr) 4 .0  x  10 ' 4
D ifferen tia l d op p ler  sh ift (M H z /V ). 54
Results and Analysis 
The A2£ + and A2Tl states are the two lowest electronic states of N?+.g u t
The X state and A state cannot perturb each other because N2+ is homonuclear.
The structure o f the Meinel band of N2+ is shown in Fig. 24 [33], The 2n  state
2
has inverted (negative) spin-orbit coupling while the £ state has normal (posi- 
tive) spin-orbit coupling. In the ~n state, Hund’s case (a) coupling scheme is a 
good approximation with Q = 3 /2  and Q = 1/ 2. In the £ state, Hund’s case 
(b) coupling scheme is a good approximation with the total angular momentum J 
which is formed by coupling the rotational angular momentum N with the elec­
tronic spin angular momentum S. Each rotational level N is split by spin-rotation 
coupling into two levels F] and F2, where Fj corresponds to J  = N+  1/2 and F2 
corresponds to J  = N -  1/ 2.
The Hamiltonian within the £ state can be expressed as [33]:
H (2£g) = B {r) N1 -  D (r) N* + y (r) S  ■ N (EQ.7.1)
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Figure 24. The Structure of Meinel Band of N2+
where B (r)  is the rotation constant, D  ( r ) is the centrifugal distortion constant, 
and y (r) is the spin-rotation interaction constant.
Since J = N + S, the perturbation term y (r) S ■ N  can be expressed as
H'  = X- y  (r) ( f  -  AT -  3 /4 ) (EQ.7.2)
thus, the Hamiltonian can be expressed as
H  = Hq+H'  (EQ.7.3)
where H0 = B ( r )  IT - D  (r) N4.
The matrix representation for H' in the base of eigenfunction of H0 is 
written as
H'  = ly ( r ) N  0 
0 ~(N+  1)
(EQ.7.4)
The eigenvalue of H0 is the following
En = BvN( N+  1 ) - D v [N(N+ l )]2 (EQ.7.5)
According to perturbation theory, the eigenvalue of H can be expressed as 
the following
Enj = E n + AEn (EQ.7.6)
where
1 „  , ,, 1 ‘
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The eigenvalues of the Hamiltonian can also be written as
F X(N) = BvN ( N + l ) - D v [ N ( N + \ ) ] 2 + ( \ / 2 ) y N  (EQ.7.8)
F2 (N) = BvN ( N + \ )  - D v [ N ( N + \ ) ] 2 -  ( \ / 2 ) y ( N + \ )  (EQ.7.9)
There are 12 different branches in the Meinel band. Many scans were 
taken over those branches. The linewidth of N2+ lines in previous work is about 
2 GHz due to Doppler broadening, thus some of the closely spaced lower rota­
tional doublet lines can not even be partially resolved. Since the linewidth o f the 
resonance line in ion beam machine is between 100 MHz and 150 MHz, this 
experiment is able to resolve those closely spaced lower rotational doublet lines 
which were unresolved or only partially resolved by previous work by Miller, et 
al. Fig. 25 shows the fully resolved On  (2.5) and ft,, (1.5) lines which were not 
resolved and labeled as “blended lines” in Miller’s paper. Fig. 26 shows another 
fully resolved 0 2X (3.5) and R02 (2.5) lines which were not resolved before. Fig. 
27 shows the fully resolved Q0l (4.5) and R00 (3.5) lines which are labeled as 
“blended lines” in Miller’s paper.
From Eq.(7.8) and Eq.(7.9), the difference between Fj(N) and F2(N) can 
be expressed as:
A F ( N )  = y ( N +  1/2) (EQ.7.10)
thus,
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y = A-/,(iV) (EQ.7.11)r V + l /2 v v  7
The energy splitting of different rotational states are measured through 
the fully resolved doublet lines. The precise measurements o f the energy split­
ting of the lower rotational states from N=2 to N=8 are obtained by fixing the 
laser frequency and scanning the tube voltage. Each rotational state is scanned at 
least six times. The random error and the system error are combined to give the 
final error estimation. Fig. 28 shows energy splitting of the lower rotational 
states obtained in this experiment. Miller’s experimental results and fitted values 
are also shown in Fig. 28. As we see, our results match M iller’s fitted values 
very well. The spin-rotation constant is obtained by using the directly measured 
energy splitting on each lower rotational state and is shown in Fig. 29. Table VI. 
lists the energy splitting of each lower rotational state and the spin-rotation con­
stant. The splitting between each two lines is measured in GHz.
Table VI: Splitting and Spin-Rotation Constant y
L in es S p littin g (V o lts) S p litt in g (G H z) N Y ( c m '1)
Q 2i (2 .5 )
1 3 .0 7 (4 7 ) 0 .7 0 6 (1 4 ) 2 9.41  ( 1 9 )  x 10-3
R 220 - 5 )
Q 2l (3 .5 )
1 7 .9 6 (5 1 ) 0 .9 7 0 (2 7 ) 3 9 . 2 4 ( 2 6 )  x 10"3
R 22(2 .5 )
Q 2l ( 4 5 )
2 3 .4 8 (4 8 ) 1 .2 6 7 (2 6 ) 4 9 . 3 9 ( 1 9 )  x 10"3
R 22(3 5)
Q 2 l(5 .5 )
2 7 .8 1 (4 8 ) 1 .5 0 2 (2 6 ) 5 9 . 1 0 ( 1 6 )  x  10"3
R 22(4 .5 )
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Table VI: Splitting and Spin-Rotation Constant y
Lines Splitting(Volts) Splitting(GHz) N y (cm*1)
Q2l(6.5)
32.97(49) 1.780(27) 6 9.13 (14) x 10"3
R22(5.5)
Q2l(7.5)
37.96(71) 2.050(39) 7 9.11 (17) x 10“3
R22(6.5)
Q2l(8-5)
42.83(59) 2.313(32) 8 9.07(12) x 10"3
R22(7.5)
Cross Section Calculation
Fig.30 shows the typical resonance signal for the Q22(8.5) line. The colli- 
sional cross section between N2+ and Ar can be calculated by the signal to noise 
ratio in the experiment. The radiative lifetime i j  of N2+ in the A state is 10 5s 
[41]. Thus the Einstein B coefficient is
3
B = —^ A  (EQ.7.12)
87ihv
Since A = 1 /x ,, thus yielding
3 .
(2  1  I Q  "1
B = ------ - = 1.376 x 10' (m Hz/Js)  (EQ.7.13)
8 k /2V T1
The laser power in the interaction region is 200 mW. The cross-section of
_ 7  n 5  0
the laser beam is 7.85 x 10 m~, thus the laser intensity I is 2.55 x 10 W/m~. The 
spectral energy density in the laser beam p (v) is
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p (v) = —  = 8.55x10~™{J/mHz)  (EQ.7.14)
c Sv
where I is the laser intensity in the interaction region, and 8v (1 MHz) is the 
FWHM linewidth of the laser.
The laser induced transition rate R for ions that are resonant with the laser
is thus
R = pB = 1.2 x 109(s_1) (EQ.7.15)
When the potential difference between the ion source and the equipoten- 
tial tube is set to 1376 V, the speed of the N2+ ions inside the equipotential tube 
is 9.74 x \04m/s .  The flight time 8/ which is given by L/v, where L is the length
_7
o f  the tube and v is the speed o f the ions, is 7.19 x 10 s . In order to calculate the 
probability P of laser-induced transition of ions from the X state to the A state 
during the flight time 8/, using P = R5t, we obtain
Bp (v) 8/ = 863 (EQ.7.16)
a number which greatly exceeds unity. This shows that the ions that are resonant 
with the laser are strongly saturated, and therefore this formula (Eq. 7.16) is
NOT correct. It would be correct if  the probability P were less than one.
The ions with the correct velocity are saturated, but only a fraction of the 
total population of ions interact with the laser, because most of the ions are not 
resonant. In order to estimate the fraction a number of broadening factors have
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to be considered. Table VII. lists the typical linewidth of these broadening fac­
tors which are discussed in turn.
Table VII: Typical Linewidths
Laser linewidth 1 MHz
Natural linewidth 16 kHz
Transit time broadening 221 kHz
Doppler Width 127 MHz
Power broadening 6 MHz
The laser linewidth averaged over a few milliseconds is less than 1 MHz. 
Since the amount o f time for ions flying through is only of order o f microsec­
onds, the linewidth seen by the flying ions is very narrow and can be treated as a 
delta-function.
The lifetime of N2+ ions in the A state, the flight time of the ions in the 
tube, and the power broadening caused by high intensity laser saturation are the 
main contributors to the homogeneous broadening. The Lorentzian line profile is 
completely concealed by the much broader inhomogeneous Doppler broadening 
which is caused by the speed distribution of ions.
The natural width is given by l / ( 2 n x :) = 16 (kHz).  When the laser 
intensity is low, the main contribution to the line broadening is from the transit 
line broadening because the natural width (16 kHz) is much less than the transit 
line broadening (221 kHz). When the laser intensity increases, the power broad­
ening increases the width of the Lorentzian.
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The transit broadening caused by the finite time during which the ions 
interact with the laser is expressed as
Av' = d s  ■ 22UHz  (EQ-7 I7 )
.7
where 5/ = 7.2 x 10 (s) is the time the ions take to fly through the 7cm long 
equipotential tube.
The laser induced transition rate R for the ions under the 200 mW laser 
power can be calculated as R -  Bp
Bp = 1.2 x 109(s-1) (EQ.7.18)
The saturation transition rate Rgat which is the rate required to excite half 
the ions during the flight time 5/ is calculated as
Rsa, = ^  = 1.39 x 1 0 V 1) (EQ.7.19)
The ratio is calculated as
R
Rsat
= 863 (EQ.7.20)
thus, the saturation causes a broadening of the Lorentzian by a factor of 
(1 + R / R sat) 1/2 = 28. The power broadening is
R - ™5vs = 8v, (l + — ) = 6 (MHz) (EQ.7.21)
sat
The resonant Doppler width 8vD measured from Fig. 27 is 127 MHz, thus
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the fraction f2 of ions see the resonant frequency can be approximated as
5v*f 2 = —  = 0.0487 (EQ.7.22)
SvD
Thus 5% of the ions interact with the laser at high power. This should be
8vf 221 kHz -3
contrasted with the frac tion   = --------   = 1.7x10 at lower laser power.
5 v d  111 MHz
Before the laser interacts with the ions, almost all the ions are in the ground 
vibrational state, but they are spread in different rotational states. Fig. 22 shows 
that about 7% of the ions are in the J = 8.5 rotational state when the rotational 
temperature is in the range of 300K - 600K. Due to the collisions between the 
ions and the background gas molecules, the ion flux at the Faraday cup can be 
expressed as
Ncup = N0exp( -do L) (EQ.7.23)
where N0 is the ion flux with zero buffer background gas, d is the density of the 
buffer gas, c r is the collisional cross-section between N2+ ions in the X-state and 
the buffer background gas molecules, and L is the length of the interaction 
region, i.e., the equipotential tube.
After the laser is turned on, some of the N2+ ions in the X-state will be 
excited to the A-state. Since the lifetime of the N2+ions in the A-state ( 10_5s) is 
longer than the time during which the N2+ ions interact with the laser in the equi­
potential tube (7.19 x 10 7s) , the flux of N2+ ions in the X-state and the A-state 
can be expressed as
Nx  = N0 ( l - P )  (EQ.7.24)
P = P / / 2 = 3.9x \0~3
where P is the transition probability from the X-state to the A-state, Pj is the 
transition probability from the X-state to the A-state for ions with the correct 
velocity and correct ground state, fj is the population fraction of ions in a spe­
cific rotational state of the X-state, f2 is the fraction of ions in that state that 
interact with the laser. From above, ^=0.07 in the most favorable case, and 
f2=0.05 for our high laser intensity, Pj=l  because of saturation.
The ion flux in the Faraday cup becomes
N cup = N X£ X P  ( ~ d a xL )  + N A eXP  ( ~ d a aL )
= Nx  (1 -  d c L )  +Na { \ -  d a L )  (EQ.7.25)
= N0 - N 0d o L + N 0dPL( ox - o a)
The resonance can be observed through the change of the ion flux in the
Faraday cup before and after the laser interacts with the ions. The signal
observed can be expressed as
Signal = N  ' - Nd cup cup
= Na -  N0d o L  + NadPL (a -  a ) -  Nnexp ( -da  L)
(EQ.7.26)
= N0 -  N0daxL + N0dPL (ax - c a) - N Q( \ -  d a L )
= N0PdL( ax - o a)
The collisional cross-section between the ions in the X-state and the 
background gas molecules can be obtained by considering the ion flux in the
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Faraday cup without the resonance induced by laser. Since the ion flux in Fara­
day cup can be obtained by measuring the ion current in the cup, the ion flux
12with and without the buffer background gas is calculated as 1.0 x 10 and 
6.52 x 1011 ions/s, respectively. Since the ion flux in the Faraday cup with the 
buffer background gas can be expressed as
NcuP = NoexP ( - ^ / )  (EQ.7.27)
the collisional cross-section between the ions in the X-state and the buffer gas
molecules can be calculated as follows
N  65
cup = exp ( - d a L )  = —  (EQ.7.28)
thus
= /i;(1-̂ -6:5) = 2.62843 X 10~18(/W2) (EQ.7.29)
dL
The collisional cross-section between the ions in the A-state and the 
background gas molecules can be obtained through the signal to noise ratio in 
the resonance signal. The shot noise (for a 3-s time constant) is
Noise = J lBNcup = 2.33 x 105 (ions/s)  (EQ.7.30)
where B is the bandwidth and B = 1/4T for a 12 dB/octave rolloff with frequency
and time constant T = 3 s.
According to Eq. (7.26), the signal to noise ratio (S/N) can be expressed
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as
NndPL (ct — ct )
S / N  = ~^— r x -  - (EQ.7.31)
J2BNV Clcup
thus, the difference of the collisional cross-section between the ions in the X- 
state and the A-state with the buffer gas molecules Act can be calculated as
(S/ N)  j2B N
Act = ct - ct = ---------   ^  (EQ.7.32)
* a N0dPL K V ’
The signal to noise ratio (S/N) obtained from Fig. 28 is about 6.64 to 1, 
thus the collisional cross section difference between the N2+ ions in the X-state 
(v = 0, J = 8.5) and A-state (v = 4, J = 9.5) with the buffer gas Ar molecules Act 
is about 2.4 x 10'21 m2. Thus the fractional change in collisional cross section 
Act/ct^. is only about 0.027%. This calculation is only a rough approximation, 
but it provides the useful guidance in choosing the right buffer gas for the coax­
ial laser beam and ion beam collisional detection spectroscopic experiment.
Table VIII. shows all the parameters related to the calculation of the sig­
nal to noise ratio and the collisional cross-section.
Table VUI: Parameters for Calculation of S/N and Collisional Cross-sections
Potential difference between tube and anode (V) 1376
Speed of ions inside the tube (m/s) 9.7 x 104
Ion flux at zero buffer gas pressure N0 (ions/s) 1.0 x 1012
Ion flux at operating buffer gas pressure Ncup (ions/s) 6.5x 1011
Shot noise (ions/s) 8.1 x 105
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Table VIII: Param eters for Calculation of S/N and Collisional Cross-sections
L a ser  p o w e r  (m W ) 200
P ro b a b ility  o f  laser-in d u ced  transition  fo r  io n s X -A  P 3 .9  x  1 0 '3
F raction  o f  io n s  in  a s in g le  rotational sta te J =  8 .5 7%
S ig n a l to  n o is e  ratio  S /N 6.6
S ig n a l ( io n s /s ) 1.5 x  106
(m 2> 2.6 x  1 0 ‘ 18
A a ( m 2) 6 .9  x  1 0 '22
A a / a r 0 .0 2 7 %
CHAPTER VIII 
Conclusion
Compared with the discharge, the observed resonant linewidth of the N2+ 
on this ion beam machine is more than an order of magnitude narrower. This 
apparatus is able to resolve line splitting as small as 300 MHz. This apparatus 
failed to yield any results on the experiment on H20 +, possibly because the ion 
current extracted from the electron impact ion source is too small. The ion cur­
rent generated from the high pressure ion source is usually much higher, thus 
this system is good at detecting the resonance signals of the terminal ions which 
can be generated by the high pressure ion source. By expanding the available 
laser wavelength range into the ultraviolet, there are a variety o f ions can be 
studied by this apparatus. This apparatus is user friendly, and the ion current is 
very stable during the normal operation. There are some improvements on the 
apparatus can be done in the future to enhance the signal/noise ratio.
(1) An intra optical cavity can be built inside the chamber so the laser beam 
can bounce inside the cavity many times and the number of interactions with the 
ions can also be raised many times. An increase of 100 times of interactions will 
yield an increase by a factor of 10 in the signal to noise ratio.
(2) There is a possibility to separate the interaction region with the collision 
region. Currently the ions collide with the buffer gas molecules at high speed 
inside the equipotential tube which is the region where ions interact with the
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laser. By setting up a separate tube filled with buffer gas in front o f the Faraday 
cup and focus the ion beam through the tube, the ions will collide with the buffer 
gas at low speed. The resonant signal can be observed by detecting by certain 
new ion product which only occur when the colliding ions are in the excited 
state. This detection method is extremely sensitive since it detects the signals at 
almost zero noise background.
(3) By making improvements on the ion source, the energy spread on the ion 
beam can be reduced, thus the velocity spread can be reduced. The velocity 
spread can also be reduced by increasing the potential difference between the 
equipotential tube and the anode plate of the ion source. The Doppler broaden­
ing linewidth is further reduced with the reduction of the velocity spread in the 
ion beam.
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